The measurement of ultrasonic surface acoustic waves of nanometric amplitude by TV holography (TVH) was demonstrated some years ago. The spatial periodicity of the wavefield across the optical phase difference maps was exploited to yield the mechanical amplitude and phase of the propagating wave. Now we present a refinement of the technique where we also profit from the temporal periodicity, at each point of the surface, of the displacement induced by the wave. We record a series of sets of primary correlograms, which are processed to yield optical phase-difference maps. We change slightly the delay between the excitation of the wave and the measurement from one recording to the next, so that the position of the wavefield on the resultant images is shifted accordingly. Every point on the surface, which oscillates at the frequency of the wave, is thus recorded at several instants of its oscillation cycle in consecutive optical phase difference maps of the sequence. We have then spatial periodicity at a given instant across each image and temporal periodicity at a given point on the surface across the series of images. This feature is exploited to calculate a three-dimensional Fourier transform of the data. As we employ narrowband ultrasonic waves, the spatial content of the spectrum is contained in a small region of the spatial frequency plane and within a thin slice of temporal frequencies, and can be easily filtered and inverse Fourier transformed to obtain the mechanical amplitude and phase of the wave. This method intends to extend the detection capability of the TVH technique to ultrasonic waves of lower amplitude.
INTRODUCTION
Some kinds of ultrasonic surface acoustic waves (SAW) are extensively used for the detection of surface and subsurface flaws in solid materials. Belonging to this category, we make mention of Lamb waves, as they are the ones employed in the work herein presented. These are guided waves that propagate in elastic solids bounded by two parallel free surfaces. They are interesting for nondestructive-testing techniques due to their capability to travel over long distances with low attenuation and to probe the material situated under the surface. Some years ago, a technique for the whole-field detection and measurement of transient Rayleigh (another kind of SAW) and Lamb waves with TV holography was presented by our group 1, 2 . We profited from the spatial periodical pattern -due to the wave-induced surface displacement-present in the resultant phase maps to apply a 2D spatial Fourier transform evaluation method to the data. With this procedure we obtained the mechanical amplitude and phase maps for the wavefield. However, given that we work with traveling waves, we can also find temporal periodicity in the data if we consider the time record of every pixel in a series of phase maps, provided that the wave-induced surface displacement is appropriately shifted from one image in the series to the next. Thus it would be possible to extend the 2D spatial Fourier transform method to a 3D spatiotemporal one. Spatiotemporal Fourier transform methods are widely used in motion detection 3 . Several variants have also been reported for characterization of traveling-wave convection patterns in ethanol-water mixtures 4 , analysis of marine radar images for inference of water depth near the coast 5 , imaging of biological specimens 6 and improved signal separability and efficient use of the spatiotemporal frequency bandwidth of recording systems 7 . The spatiotemporal technique herein proposed is applied to the enhanced measurement of ultrasonic surface waves of the Lamb type and, hopefully, could be used to extend the detection capabilities of TVH to similar kinds of waves of smaller amplitude (for example, laser-generated SAW in the thermoelastic regime).
BACKGROUND
This section is intended to give an overview of the basic technique for the sake of self-containment. A detailed description can be found elsewhere 1, 2 . Fig. 1 shows the system setup used in our experiments. The main elements are a twin-cavity, frequency-doubled, pulsed Nd:YAG laser, an interferometer sensitive to the out-of-plane component of the surface's displacement, a digital camera, a SAW generation system, a personal computer and both commercial and custom electronics for the synchronization of the devices. The reference beam is guided by means of a fibre optic and it is shifted off the optical axis to yield an optical spatial carrier in the primary correlograms 8 recorded by the camera. As a long burst of waves propagates on the material, two primary correlograms of the excited surface -"frozen" by the pulsed illumination in two opposite states of its deflection-are recorded in two separate frames of the camera. By applying a 2D extension 9 of the spatial Fourier transform method 10 to the captured images, we calculate a map of the phase difference between exposures that is proportional to the instantaneous out-of-plane displacement induced by the wave burst. The periodic structure of this displacement can be seen in Fig. 2(a) and plays the role of a new spatial (mechanical) carrier. The modulus of the Fourier transform of this image is shown in Fig. 2(b) . We observe the presence of two small side lobes, as expected in the spectrum of a sinusoidal function. By filtering of one of the lobes and inverse Fourier transforming the data, we obtain a complex-amplitude map. The modulus and argument of the complex data yield respectively the mechanical amplitude and phase maps of the wavefield (Figs. 2(c) and 2(d)). The real part of the complex field ( Fig. 2(e) ) combines information from modulus and argument and yields a smoother reconstruction of the displacement map shown in 2(a). In the work herein presented, we have employed an enhanced variant 11 of the original technique outlined above. It uses two pairs of interferograms -the first pair taken with the object at rest and the second one whilst the wave propagates on the surface-to remove the phase-difference "background" that is not due to the wave, but to differences between the beams from the twin laser cavities.
THEORY
In surface acoustic waves, the points of the material on which the wave propagates follow elliptical trajectories. So, we can assume that the out of plane component of their oscillation can be approximated by a sinusoidal function whose frequency is the same as the SAW's frequency (Fig. 3) . In a single optical phase-difference map, corresponding to an instant t n , there is a periodic spatial pattern, as shown in Fig. 2(a) and Fig. 3 , and every point on the surface is recorded at a given state of its oscillation cycle. In a set of sequential phase-difference maps corresponding to several t n (and hence, to different positions of the wave on the surface) the displacement of each point is periodical in time, as shown in Fig. 3 for a point of coordinates (x 0 , y 0 ). An optical phase-difference map ∆Φ is a periodic phase distribution that can be expressed as following in connection to the wave parameters
where x=(x,y) is the position on the image plane, ∆Φ n is the phase difference between exposures for the acquisition step number n; φ om =-4πz m,n (x,t n )/ λ is the amplitude of the out-of-plane surface displacement in optical terms, fixed by the interferometer configuration, z m,n is the actual wave-induced out-of-plane displacement and λ is the laser wavelength; ϕ M is the initial phase of the wavefront; k M is the wavevector (scaled to the image plane) in the region of interest; λ M =2π/k M is the SAW's wavelength; T M is the temporal period of the wave and ϕ n =-ω M t n , with ω M =2π/T M the angular frequency of the SAW. If we rewrite the previous equation as follows
with f x =k M /λ M k M and f M =1/T M , we highlight the presence of both a spatial and a temporal carrier, which permits us to apply a spatiotemporal 3D Fourier transform evaluation method to the set of sequential frames. Taking into account the spectrum obtained with spatial periodicity only (see Fig. 2(a) ) and the presence of a temporal carrier in the data, the expected spectrum of the 3D Fourier transform of the data set is depicted in Fig. 4(a) . Since the function ∆Φ is realvalued, the modulus of the Fourier transform for the positive and negative temporal frequencies is identical. The information from one of the lobes can then be selected by a 3D bandpass filter, as shown in Fig. 4(a) . The next step is to perform an inverse Fourier transform of the filtered data, what yields a 3D matrix of complex amplitudes
Finally, by calculating the modulus and argument of the complex data, we would obtain a temporal sequence of mechanical amplitude and phase (i. e., complex-amplitude) maps. 
EXPERIMENTAL
The laser is the master element of the setup and runs continuously at a frequency of 25 Hz. At the same rate, a burst of Lamb waves of frequency 1 MHz is insonicated in a 3 mm thick aluminium plate, where it propagates at a speed of ∼3000 ms -1 . Though the wavefield covers almost entirely the field of view, the information is gathered before the wavefront has reached the edges of the sample, so reflections are avoided and the use of acoustic absorbers is not necessary. Fig. 5 shows the synchronization of the laser pulses and the wave emission. Both events are triggered every 40 ms, that is the operation period imposed by the laser. We can observe that, whilst the position of the laser pulses inside each period is fixed, the emission instant of the wave can be changed. This allows to spatially shift the wave position on the material and, therefore, to record to record every point on the surface in different instants of its oscillation cycle, as shown in Fig. 3 . The thermo-cooled double-exposure CCD camera records pairs of primary correlograms of size 1280×1024 pixels with a separation of 1,5 µs between frames. Its operation is triggered by an asynchronous input of the user, via the software interface, and it spans several operation periods. The data collection is carried out in N acquisition steps, where N is an integer power of 2. Each acquisition step comprises the recording of four primary correlograms 11 , which will yield an optical phase-difference map after the processing stage detailed in [11] and outlined in Section 2. From one acquisition to the next, we shift the wave trigger instant (τ n in Fig. 5 ). The time delay ∆τ between recordings must be chosen in connection to the wave's expected temporal period, to at least comply with the sampling theorem. We fix it to a quarter of the wave's period (i. e., 250 ns) to have the expected ultrasonic temporal frequency at 1 MHz halfway between zero frequency and the Nyquist frequency. We record 256 primary correlograms to obtain N=64 optical phase-difference maps, which are subsequently loaded into memory to perform a 3D Fourier transform of the whole set of data. For the calculations we use a standard fast Fourier transform (FFT) algorithm, so that we operate only within a "region of interest" of 1024×1024 pixels in every image. We remark that, though an ultrasonic wavefront is generated and propagates in the material every 40 ms, we record primary correlograms at a much slower rate. Consequently, the information about the wave contained in different optical phase-difference maps comes from different wavefields. The feasibility of this spatiotemporal technique relies then on the repeatability of the transient event under study and a low timing jitter of the synchronization system. In our case, both conditions are fulfilled. On the other hand, there is no trade-off between the spatial and temporal resolutions. The former depends on the CCD area and pixel size. The latter, on the number N of optical phase-difference maps to be processed, a number which can be freely chosen. A large N provides a better resolution in the temporal frequency axis, but also increases the memory requirements of the system and the computation time.
RESULTS AND DISCUSSION
The input data for the FFT algorithm can be seen as a set of 2D images (like the one in Fig. 2(a) ) piled up along the time axis at regular intervals of ∆τ. This distribution is shown in Fig. 6(a) , where we depict only four of the 64 optical phasedifference maps that we have actually used. The data are fed to the FFT algorithm, whose output is arranged as a set of 64 slices located at discrete temporal frequencies, each slice cointaining all the spatial frequencies ( Fig. 6(b) ). The discrete temporal frequencies that we can measure are given by 2 ,...,
where q is the discrete frequency number, N is the number of samples and ∆τ is the sampling interval. Due to the moderate resolution that we attain in the temporal frequency axis (we can only distinguish 32 discrete frequencies) and to the long burst of narrowband ultrasonic waves we are using, all the wave information is contained in the planes of f tq =±1 MHz, so a 2D Hanning filter applied to the appropriate temporal frequency plane (Fig. 6(b) and 7(a) ) replaces the general 3D filter. By inverse Fourier transforming the data, we obtain a complex-amplitude map. The modulus and argument of the complex data yield respectively the mechanical amplitude ( Fig. 7(b) ) and phase ( Fig. 7(c) ) of the wavefield. Fig. 7(d) shows the real part of the complex-amplitude map, which is a smoothed reconstruction of the wave-induced out-of-plane displacement. The white halo is the spectrum of the speckle noise already present in the source images.The wavefield modulation that appears in the three last columns of Fig. 7 is due to a beating between two Lamb wave modes of the same frequency and different wavelenghts that propagate simultaneously in the material 12 . In the spectrum in Fig. 7 (a) two side lobes very close to each other can be distinguished. The second row in Fig. 7 shows the results obtained with the technique mentioned in Section 2, which can be regarded as the spatiotemporal technique with N=1. The filter size is the same in both experiments. In the N=1 case, the noise whose spatial frequency falls within the limits of the filter region is taken along with the information, and appears in the final images. If we use the spatiotemporal method with N=64, this only happens with the noise whose temporal and spatial frequencies are similar to those of the wave. This additional condition leaves out of the filter more noise components than in the previous case, what improves the quality of the resulting measurements.
CONCLUSIONS
We present a spatiotemporal Fourier transform evaluation method to improve the detection and measurement of transient ultrasonic surface waves of nanometric amplitude. The data input is a sequence of 2D optical phase-difference maps. Each map records a spatially periodical pattern due to the wave-induced out-of-plane surface displacement. The acquisition procedure makes every pixel in the map to undergo a sinusoidal oscillation through the sequence of images, what gives also temporal periodicity to the data set. The spatiotemporal 3D spectrum obtained after computing the 3D Fourier transform of N sequential maps separates fairly efficiently the wave information from the background noise. The noise components that have not the same spatial and temporal frequency than those of the wave are filtered out. Another advantage of the technique is that the spatial and temporal resolution are independent. On the other hand, the technique requires a synchronization system with low jitter and the repeatability of the transient event to be measured has to be ensured. 
